Rationale: Idiopathic pulmonary fibrosis (IPF) involves the accumulation of a-smooth muscle actin-expressing myofibroblasts arising from interactions with soluble mediators such as transforming growth factor-b1 (TGF-b1) and mechanical influences such as local tissue stiffness. Whereas IPF fibroblasts are enriched for aerobic glycolysis and innate immune receptor activation, innate immune ligands related to mitochondrial injury, such as extracellular mitochondrial DNA (mtDNA), have not been identified in IPF.
Idiopathic pulmonary fibrosis (IPF) is a fatal interstitial lung disease characterized by radiographic or histologic findings of usual interstitial pneumonia in the absence of identifiable causes (1) . With a median survival of 2.5-3.5 years (2), it predominately affects individuals aged 60-75 years old (3) and exhibits a highly variable disease course (4) that would benefit from prognostic models incorporating clinical parameters with circulating biomarkers (5, 6) . A characteristic feature of IPF is the accumulation of a-smooth muscle actin (a-SMA)-expressing myofibroblasts (1) that may arise from normal lung fibroblasts in response to biochemical influences such as transforming growth factor-b1 (TGF-b1) (1) and biophysical responses to the stiffened microenvironment (7) . TGF-b1 also critically regulates the alterations in mitochondrial function and bioenergetics that are required to fuel these activated cells (8, 9) . However, because TGF-b1's pleiotropic functions make therapeutic targeting difficult (10) , interruption of its downstream effects may be both safer and more efficacious.
The contribution of innate immune activation to IPF is an emerging field of study (11) (12) (13) (14) . Innate immune cells such as macrophages are believed to amplify fibrosis via a variety of mechanisms (11) ; mutations in genes related to innate immunity are associated with IPF (12) , and expression of innate immune receptors such as Toll-like receptor 9 (TLR9) (13) demonstrate outcomepredictive properties in IPF (14) . Although these data suggest that innate immune agonists might be enriched in IPF, their identification remains elusive. Innate immune agonists are stratified into pathogenassociated molecular patterns, which are derived from microbes, and danger-associated molecular patterns (DAMPS), which are released by injured or activated cells (15) . Because IPF is not believed to result from infectious stimuli, DAMPS may be more relevant in this clinical context. One such ligand is the hypomethylated, CpG-rich mitochondrial DNA (mtDNA) that is released by both necrotic cells (16) and viable cells in response to various stressors (17) . Exposure to mtDNA (18) or synthetic analogs (14) is sufficient to activate macrophages and fibroblasts in several experimental settings, including experimentally induced lung fibrosis (18) , and mtDNA participates in the formation of neutrophil extracellular traps that contribute to inflammation and tissue remodeling in a variety of human conditions, including pulmonary fibrosis (19) . Interestingly, despite the distinct alterations in fibroblast metabolism caused by TGF-b1 (8, 9) , as well as the demonstration of mitochondrial abnormalities as a driver of myofibroblast activation and experimentally induced lung fibrosis (20) , an association of IPF with the extracellular accumulation of mtDNA has not been explored. Furthermore, although elevations in circulating mtDNA predict mortality in several clinical settings (21, 22) , a clinical relationship with IPF outcomes has yet to be defined.
We aimed to define an association between fibroblast activation, extracellular mtDNA, and clinical outcomes in IPF. Our experimental platform combined TGF-b1 stimulation of normal human lung fibroblasts (NHLFs) with a biomechanical model of the IPF microenvironment to demonstrate that glycolytic reprogramming induced by fibrotic stimuli is paralleled by enhanced concentrations of mtDNA in the extracellular milieu and replicates the spontaneous phenotype of IPF fibroblasts. Exogenous mtDNA mediates a-SMA expression in normal lung fibroblasts and is enriched in the bronchoalveolar lavage (BAL) fluid and plasma of patients with IPF, where, in the latter compartment, it displays a robust association with reduced event-free survival. Some of the results of these studies were previously reported in the form of an abstract (23) .
Methods
Detailed methods are provided in the online supplement.
Human Subjects
All human studies were performed with informed consent according to protocols approved by the institutional review boards at the University of Pittsburgh and Yale School of Medicine. IPF diagnosis was based on current consensus guidelines (24, 25) rendered through expert multidisciplinary discussion at each institution. Demographic and clinical data were obtained at the time of the blood draw. Patients were followed for 43 months for timeto-event analysis, where death resulting from any cause was considered an event.
Culture and TGF-b1 Stimulation of Human Lung Fibroblasts
NHLFs and IPF fibroblasts obtained from Lonza (Allendale, NJ) and Asterand Bioscience (Detroit, MI) were used between passages 3 and 7 and stimulated with and without 5 ng/ml of recombinant human TGF-b1 as previously described (14) .
Seahorse Metabolism Assay
Cellular metabolism was measured with the Seahorse XFe96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA) for real-time analysis of extracellular acidification rate (ECAR) and oxygen consumption rate (OCR).
Fluorescence-activated Cell Sorting
Fluorescence-activated cell sorting-based determination of mitochondrial membrane
At a Glance Commentary
Scientific Knowledge on the Subject: Idiopathic pulmonary fibrosis (IPF) is a fatal disease defined by the presence of highly activated, glycolytically programmed myofibroblasts. The relationship of these cells to mitochondrial DNA (mtDNA), a danger-associated molecular pattern that participates in inflammation and tissue remodeling, has not been defined.
What This Study Adds to the
Field: We show that glycolytic reprogramming in normal human lung fibroblasts induced by either transforming growth factor-b1 or local substrate stiffness, and spontaneously exhibited by IPF fibroblasts, is accompanied by excessive local concentrations of extracellular mtDNA. Exposure to mtDNA augments a-smooth muscle actin expression in otherwise normal lung fibroblasts. In a clinical correlate of our findings, mtDNA concentrations are increased in the lungs and blood of patients with IPF, where, in the latter compartment, they display an impressive association with disease progression and reduced event-free survival. These results demonstrate a previously unrecognized and highly novel connection between metabolic remodeling, mtDNA, fibroblast activation, and clinical outcomes that should be investigated as a new therapeutic area in IPF. potential using MitoTracker Red and MitoTracker Green probes (Life Technologies, Carlsbad, CA) was performed as described in the online supplement.
Immunostaining and Microscopy
Immunostaining and evaluation of cells and tissues via conventional or fluorescence microscopy or structured illumination microscopy were performed as described in the online supplement.
Transmission Electron Microscopy
TGF-b1-stimulated cells were evaluated via transmission electron microscopy as described in the online supplement.
Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described in the online supplement.
DNA Isolation and Quantification
Isolation and quantification of the human MT-ATP6 gene and/or ACTB from fibroblasts, Escherichia coli, cell-free culture supernatants, BAL fluid, and plasma were performed as previously described (17, 22) .
mtDNA Isolation and Stimulation of NHLFs
Purification of DNA from mitochondria isolated from NHLFs and stimulation of NHLFs with this DNA were performed as described in the online supplement.
RNA Isolation and Quantitative Reverse Transcription-Polymerase Chain Reaction
Total cellular RNA was isolated, and relative expression of ACTA2 was quantified using the comparative cycle threshold method as previously reported (11) .
Polyacrylamide Hydrogel Preparation
Culture of NHLFs on hydrogels constructed of varying stiffness (26) is described in the online supplement.
Statistical Analysis
Data distribution was assessed using the D'Agostino-Pearson omnibus test or the Shapiro-Wilk test on the basis of sample size. For continuous data, parametric comparisons were made using Student's t test, and nonparametric data were compared using the Mann-Whitney U test.
Categorical data were compared with oneway analysis of variance and Fisher's exact test. Receiver operating characteristic curve analysis of the Pittsburgh IPF cohort was used to determine the mtDNA cutoff. Kaplan-Meier analysis was performed to determine survival associations. Multivariate Cox regression hazard ratios (HRs) were used to model associations with relevant covariates. These evaluations were performed using Prism 7.0 (GraphPad Software, La Jolla, CA) or MedCalc (MedCalc Software, Ostend, Belgium) software.
Results

TGF-b1-stimulated NHLFs Show Altered Cellular Metabolism
To determine whether the metabolic changes described in NHLFs exposed to fibrotic stimuli (27) were accompanied by extracellular accumulation of mitochondria-related DAMPS, we characterized the bioenergetic response of NHLFs to TGF-b1. NHLFs obtained from three independent donors used between passages 3 and 7 were cultured in the absence or presence of 5 ng/ml of TGF-b1 and assessed for various metabolic parameters. After 24 hours, transmission electron microscopic examination of these cells revealed the elongated mitochondrial morphology that has previously been described following stimulation with TGF-b1 (see Figure E1 in the online supplement). By 7 days, evaluation of mitochondrial substructure by structured illumination microscopy-based immunofluorescence of the mitochondrial outer membrane marker TOM20 and the major mtDNA packaging protein mitochondrial transcription factor A showed that, in contrast to unstimulated cells, which displayed the typical findings of narrow mitochondria (28), TGF-b1-treated cells adopted a strikingly altered and enlarged mitochondrial appearance ( Figure  E2A ). Conventional fluorescence microscopy performed at the same time point revealed that TGF-b1-stimulated cells showed the linear organization of a-SMA consistent with myofibroblast transformation ( Figure E2B ). Despite this phenotypic change, mitochondrial membrane potential was similar between groups (mean fluorescence intensity ratio of MitoTracker Red to MitoTracker Green, 1.709 6 0.929 vs. 1.857 6 1.274; n = 4 for both groups; P . 0.05) ( Figure E2C ). However, bioenergetic measurements with the Seahorse XFe96 Analyzer identified that, relative to naive cells, TGF-b1-treated NHLFs displayed enhanced glycolysis as measured by substantial increases in the mean ECAR (15.39 6 1.684 mpH/min vs. 44.63 6 2.978 mpH/min; P = 0.0001; n = 4 for both groups) ( Figure 1A ) and the ratio of ECAR to OCR (mean ECAR/OCR ratio, 0.4804 6 0.026 vs. 0.7195 6 0.036; P = 0.002; n = 4 for both groups) ( Figure 1B ). These data confirm that TGF-b1 alters mitochondrial morphology and glycolytic reprogramming in previously normal lung fibroblasts.
TGF-b1-stimulated NHLFs Generate Extracellular mtDNA
To determine whether these mitochondrial changes were accompanied by the extracellular accumulation of a mitochondria-related DAMP, we employed a well-described method of polymerase chain reaction (PCR)-based quantification of MT-ATP6 copy number in the supernatants of these cells ( Figure 1C ) (17, 22) . We found that, relative to unstimulated samples, supernatants obtained from TGF-b1-exposed NHLFs displayed a robust increase in the mean MT-ATP6 copy numbers (2.838 6 0.214 log copies per microliter vs. 4.055 6 0.118 log copies per microliter; P = 0.0006; n = 6 for both groups) ( Figures 1D and E2D ). These studies show that the extracellular milieu of TGF-b1-exposed NHLFs contains high concentrations of mtDNA.
TGF-b1-stimulated NHLFs Show Reduced Mitochondrial Mass
The finding of increased extracellular mtDNA in these studies suggested that prolonged TGF-b1 exposure might result in the loss of mitochondria from the intracellular space. To test this hypothesis, NHLFs from three separate donors were subjected to stimulation with 5 ng/ml of TGF-b1 for 7 days, at which point mitochondrial mass was determined using PCR-based comparison of DNA derived from mitochondria (assessed by the MT-ATP6 gene) and the genome (measured by the ACTB gene). This approach identified a decline in the mean ratio of mtDNA to genomic DNA (1.003 6 0.005 vs. 0.909 6 0.012; n = 3 for both groups; P = 0.002) (Figure 2A) , showing that the extracellular accumulation of mtDNA in this context is paralleled by a reduction in intracellular mitochondrial mass.
TGF-b1-stimulated NHLFs Are Viable
The finding of reduced intracellular mitochondrial mass combined with increased extracellular mtDNA suggested that, as has been reported in other scenarios, mitochondria may be actively released by stimulated cells (29) . However, an alternative explanation is that the mtDNA stems from the lysis of necroptotic cells. To explore the latter concept, we compared pre-and postculture cell counts from these experiments and found unchanged numbers (P . 0.05 for all comparisons; n = 6 for both groups) ( Figure 2B ). In addition, viability assessment performed on a subset of these cells with the MTT assay was similar in both conditions (P . 0.05 for all comparisons; n = 3 for both groups) ( Figure 2C ). These data show that stimulation with TGF-b1 does not influence the quantity or viability of NHLFs, supporting the contention that the presence of extracellular mtDNA is unlikely to result from the death of nonviable cells. fibroblasts exhibit similar responses to mtDNA, NHLFs from three separate donors were grown to confluence, stimulated for 48 hours with mtDNA isolated from a parallel fibroblast culture, and assessed for expression of a-SMA via reverse transcription-PCR. As compared with unstimulated NHLFs, cells exposed to mtDNA developed increased expression of ACTA2 relative to ACTB (0.483 6 0.016 vs. 0.897 6 0.054; n = 3 for both groups; P = 0.002) ( Figure 2D ). These data demonstrate a functional ramification of mtDNA exposure by showing it augments a-SMA expression in otherwise normal lung fibroblasts.
Direct Contact with Stiff Surfaces Phenocopies the Effect of TGF-b1
The data presented above reveal a relationship between fibroblast activation and extracellular mtDNA in the presence of soluble fibrotic mediators. However, given the pivotal contribution of mechanotransductive signaling to fibroblast activation (31), we thought biophysical influences might also be involved. Thus, NHLFs were cultured for 7 days on tunable hydrogels constructed to approximate the mean stiffness of the normal (1 kPa) and fibrotic (20 kPa) human lung (26) . Unlike the glass culture substrates, which are bioinert, the hydrogel allows standardization of coating matrix (in this case, collagen) between the soft and stiff conditions so that the only independent variable is the stiffness of the culture substrate. Increased expression of a-SMA in the 20-kPa samples was confirmed via immunofluorescence ( Figure E3A ). Measurements of aerobic glycolysis emulated those caused by TGF-b1; relative to NHLFs cultured on the low-stiffness hydrogels, cells grown on the 20-kPa gels displayed substantially elevated ECAR (8.793 6 2.116 mpH/min vs. 22.13 6 0.497 mpH/min; P = 0.0009; n = 4 for both groups) ( Figure 3A ) and ECAR/OCR (0.556 6 0.083 vs. 0.815 6 0.052; n = 4 for both groups; P = 0.04) ( Figure 3B ). When culture supernatants were assessed for mtDNA content, a greater than fourfold increase in the detection of MT-ATP6 copies was observed (mean value, 3.95 6 0.153 log copies per microliter vs. 4.59 6 0.11 log copies per microliter; P = 0.03; n = 3 for both groups) ( Figures 3C and  E3B ). Limitations in cell number precluded measurement of mitochondrial mass, but postculture cell counts and MTT-based assessments were stable across conditions ( Figures 3D and 3E ). These findings show that the NHLF response to increased local stiffness phenocopies the glycolytic reprogramming and extracellular mtDNA increases caused by TGF-b1.
IPF Fibroblasts Exhibit High Concentrations of Extracellular mtDNA
The data above show increased mtDNA levels in the microenvironment of NHLFs exposed to multiple fibrogenic factors. To determine the clinical relevance of these findings, we evaluated these endpoints in fibroblasts obtained from IPF lungs.
Immunostaining confirmed the increased expression of a-SMA ( Figure E4A ), and bioenergetic evaluation revealed the robustly increased mean ECAR (17.69 6 2.773 mpH/min vs. 30.68 6 3.868 mpH/min; n = 4 for both groups; P = 0.03) ( Figure 4A ) and ECAR/OCR ratio (0.48 6 0.026 vs. 0.864 6 0.048; n = 4 for both groups; P = 0.0004) ( Figure 4B ) that have previously been reported for these cells (9, 27) . Furthermore, relative to NHLFs, IPF fibroblasts developed a significant increase in extracellular MT-ATP6 concentrations (mean value, 2.838 6 0.214 log copies per microliter vs. 3.646 6 0.162 log copies per microliter; P = 0.01; n = 6 for both groups) ( Figures 4C and E4B) . Importantly, postculture cell counts and MTT-based assessment revealed stable numbers and viability, respectively ( Figures 4D  and 4E ). These data show that the a-SMA-expressing, glycolytically reprogrammed phenotype of IPF fibroblasts is accompanied by a microenvironment that is enriched for mtDNA. Figure E6A .
differences in recovery with BAL samples obtained from healthy subjects versus those with fibrotic lung disease, multiple studies have demonstrated the useful role of BAL in IPF (33), and we accepted it as an additional surrogate of the IPF lung microenvironment. Thus, we analyzed the cell-free supernatant of archived BAL samples from subjects with newly diagnosed IPF (n = 4) and demographically matched control subjects lacking known interstitial lung disease (n = 10). Relative to samples from control subjects, BAL samples from IPF subjects demonstrated a robust increase in the median MT-ATP6 concentration (3.87 log copies per microliter vs. 4.68 log copies per microliter; P = 0.01) ( Figures 5C and E5A ). Due to the theoretical concern that the MT-ATP6 primers might amplify bacteria present in the BAL, we confirmed specificity by showing that these primers do not amplify DNA derived from E. coli ( Figure E5B ). These data show that mtDNA not only accumulates in the supernatants of NHLFs exposed to fibrogenic stimuli but also exists in high concentrations in the IPF lung.
Plasma mtDNA Is Elevated in Two Independent IPF Cohorts
It has become increasingly clear that molecular events in the IPF lung are detectable in the circulation (34) . To evaluate whether mtDNA might display such properties, we obtained plasma from a cohort of aged but otherwise healthy individuals lacking known inflammatory or fibrotic disease, as well as from two large, well-characterized IPF cohorts. Baseline characteristics are described in Table 1 . Both cohorts were mostly white (96.30% and 97.56%, respectively) and male (77.78% and 86.59%, respectively). Baseline FVC percent predicted values were 65.38% and 75.43%, respectively, and diffusing capacity of the lung for carbon monoxide (DL CO ) percent predicted values were 50.41% and 42.89%, respectively. Disease severity was assessed with the GAP (gender, age, and physiology) index, with mean scores of 3.88 and 4.26, respectively. Relative to plasma from control subjects (n = 44), plasma obtained from the Pittsburgh IPF cohort (n = 81) contained substantial increases in median MT-ATP6 copy numbers (2.68 log copies per microliter vs. 3.77 log copies per microliter; P , 0.0001) ( Figures 5D and Figure E6A ). These findings were subsequently validated in the Yale IPF cohort (2.68 log copies per microliter vs. 3.765 log copies per microliter; P = 0.0008) ( Figures 5D and Figure E6A ), and median MT-ATP6 copy numbers did not differ between the two cohorts (P = 0.8354). These data demonstrate that, in addition to being present in the supernatants of fibrotically reprogrammed NHLFs, mtDNA is present in high concentrations in the lungs and blood of patients with IPF.
Excessive Plasma mtDNA Is Predictive of All-Cause Mortality
Emerging evidence suggests that substances found in the circulation might convey important prognostic information in IPF (34) . We examined the predictive value of plasma mtDNA for all-cause mortality during a 43-month longitudinal follow-up, which is within the median survival length for patients with IPF. Receiver operating characteristic curve analysis of the Pittsburgh IPF cohort revealed that a plasma MT-ATP6 copy number of 3,614.24 copies per microliter can be reliably used as a dichotomous variable to stratify subjects as being at low risk (<3,614.24 copies per microliter) or high risk (.3,614.24 copies per microliter) for all-cause mortality with a sensitivity of 80.0% and specificity of 54.3% (area under the curve, 0.62; P = 0.045) ( Figure E6B ). Clinical characteristics of subjects with low and high MT-ATP6 concentrations, based on this threshold value, are shown in Figure 6A ). Following covariate adjustments for age, sex, race, FVC percent predicted, DL CO percent predicted, and GAP index score, the 3,614.24 copies per microliter cutoff was an even stronger predictor of all-cause mortality (adjusted HR, 3.79; 95% CI, 1.53-9.43; P = 0.004) ( Figure 6C and Table E2 ). Because of missing data, an effect of smoking could not be assessed. The same cutoff value was then validated in the Yale IPF cohort (unadjusted HR, 11.32; 95% CI, 4.68-27.37; P , 0.0001) ( Figure 6B) ; following adjustment for covariates, it remained a robust predictor of all-cause mortality (adjusted HR, 9.69; 95% CI, 1.98-47.52; P = 0.005) ( Figure 6D ).
Post-treatment Plasma mtDNA Concentrations Are Reduced in Patients Who Respond to Pirfenidone
Having found that elevations in circulating mtDNA are predictive of reduced event-free survival, we assessed temporal changes in plasma mtDNA following treatment with the antifibrotic agent pirfenidone, a pyridone derivative that improves mitochondrial function in experimentally induced injury models (35) and enacts modest stabilizing effects on ventilatory decline as well as, potentially, survival in a subset of patients with IPF (1) . To this end, we evaluated longitudinal changes in mtDNA during a 3-month follow-up in subjects who responded to pirfenidone by retaining stable FVC percent predicted value after 1 year of treatment (responders, n = 6), and we compared these changes with those of patients who demonstrated greater than 10% reduction in FVC percent predicted (nonresponders, n = 4) despite 1 year of pirfenidone therapy. Plasma MT-ATP6 concentrations were obtained prior to the initiation of therapy and 3 months after starting therapy. Relative to nonresponders, in whom median MT-ATP6 copy numbers increased by 114,284 copies per microliter, responders experienced a reduction in MT-ATP6 copy number on the order of 50,997 copies per microliter (P = 0.01) (Figure 7 ). Although these numbers are small, they do suggest that serial MT-ATP6 measurements might be a useful predictor of treatment efficacy and clinical outcomes in IPF. Figure 6 . Excessive plasma mitochondrial DNA is predictive of all-cause mortality in two independent cohorts. Kaplan-Meier plot for all-cause mortality reveals a significant survival benefit for subjects with a plasma MT-ATP6 concentration greater than or equal to 3,614.24 copies per microliter (top line) relative to those with a plasma MT-ATP6 concentration greater than 3,614.24 copies per microliter (bottom line). These findings were (A) derived from the Pittsburgh idiopathic pulmonary fibrosis (IPF) cohort and (B) validated in the Yale IPF cohort. Following adjustments for covariates of age, sex, race, FVC percent predicted, adjusted diffusion capacity for carbon monoxide percent predicted, and GAP index score, the cutpoint of 3,614.24 copies per microliter remained a strong predictor of all-cause mortality in (C) the Pittsburgh IPF cohort and (D) the Yale IPF cohort. CI = confidence interval; HR = hazard ratio.
Discussion
engenders autocrine or paracrine induction of a-SMA expression (36) (37) (38) (39) (40) (41) . This finding is especially intriguing because mtDNA functions as a DAMP for TLR9, a pattern recognition receptor that mediates TGF-b1-induced fibroblast activation and is associated with a particularly aggressive disease course in IPF (37, (42) (43) (44) (45) (46) (47) . However, mtDNA might contribute to disease via additional mechanisms, such as by directing activation of the macrophages which exist at the interface of injury and repair or by contributing to the formation of neutrophil extracellular traps that have recently been described in association with the pathologic remodeling conditions in the human lung (29, 48) . It is also possible that fibroblasts sense mtDNA as a danger signal indicative of injury and, as such, assume a repair program characterized by a-SMA expression to enact repair. Understanding these aspects will require evaluation in ex vivo modeling systems and in dedicated animal studies. It will also require a thorough understanding of the nature of extracellular mtDNA, its oxidation state, how it traffics to the extracellular space, and whether canonical or noncanonical TGF-b1 signaling pathways account for these observations.
One particularly novel aspect of our work is the relationship between mtDNA and mechanotransduction. Cellular responses to local tissue stiffness are believed to drive the fibroblast activation in a variety of settings, including IPF (49) . In our study, culture of otherwise normal lung fibroblasts on hydrogels approximating the stiffness of the fibrotic lung that have previously been shown to induce a-SMA expression (31, 50) led to substantial increases in the detection of extracellular mtDNA. Although cultured endothelial cells subject to cyclical stress demonstrate degraded mitochondrial integrity (51) , to our knowledge, ours are the first data demonstrating a direct link between the biophysical aspects of the lung microenvironment and metabolic remodeling in fibroblasts. Because stiffness-induced a-SMA expression is known to be at least partially TGF-b1 dependent (52), our work suggests that changes in mitochondrial function could occur via a similar mechanism through additional mechanotransductive signaling pathways, such as Rho-associated kinase 1, YAP/TAZ, and Hippo (11) .
In a direct link to the IPF disease state, the finding that mtDNA demonstrates robust outcome predictive capacity in two large IPF cohorts suggests a real clinical impact of our findings. Additional investigations relating mtDNA to clinical predictors of mortality and FVC percent predicted decline, which is currently difficult to predict on the basis of clinical factors alone (53) , might improve disease stratification in IPF. However, substantial work is required to better understand the mechanistic basis for our observations, how it might relate to patient-specific factors such as smoking and comorbid conditions, and how it might relate to currently available management strategies. We have not determined whether plasma mtDNA stems from intact mitochondria present in circulating exosomes, whether this DNA is oxidized as has recently been shown for nonalcoholic steatohepatitis (17) , or whether these findings are directly related to the TLR9 activation that has been proposed as a contributor to poor outcomes in IPF. We have not determined the cell of origin, though our ex vivo modeling suggests that production by fibroblasts might be at least partially involved. We have not determined whether other mitochondrial DAMPS such as formyl peptides, as well as other DAMPS such as extracellular ATP, demonstrate similar properties, and we have not evaluated the relationship of mtDNA to other molecular biomarkers of disease progression, such as matrix metalloproteinase 7, surfactant protein D, chemokine (C-C motif) ligand 18, or Krebs von den Lungen-6, or to genomic biomarkers of stability, such as mucin 5B (34) . We also have not fully determined whether mtDNA functions as a molecular predictor of therapeutic responses, which will require access to larger cohorts of treated patients with serial sampling. Despite these limitations, our work delivers evidence supporting examination of circulating mtDNA as a mechanism-based prognostic biomarker of IPF. Further investigation of these findings could yield new management approaches for this enigmatic disease. n Author disclosures are available with the text of this article at www.atsjournals.org.
